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Tuneable Wetting of Fluorine-Free Superhydrophobic Films
via Titania Modification to Enhance Durability and

Photocatalytic Activity

Julie Jalila Kalmoni, Christopher S. Blackman, and Claire J. Carmalt*

Superhydrophobic photocatalytic self-cleaning films are fabricated via
aerosol-assisted chemical vapor deposition (AACVD). First,
superhydrophobic/SiO, polymer films consisting of a combination of fatty
acids, polydimethylsiloxane (PDMS) and SiO, nanopatrticles are deposited
which displayed static water contact angles >160° and maintained
superhydrophobicity after 300 tape peel cycles. The AACVD process is used to
achieve a highly textured morphology required for superhydrophobicity. The
surface properties are then modified by depositing a thin layer of TiO, on the
superhydrophobic coating via AACVD of titanium isopropoxide (TTIP). The
deposited films are hydrophobic/superhydrophobic depending on the
concentration of TTIP used in the deposition process. The resulting hybrid
films exhibit enhanced photocatalytic activity relative to the uncoated
superhydrophobic film, maintained hydrophobicity after exposure to toluene,
and tolerated pencil hardness of up to “6H”. This multi-layered approach

examples include anti-icing, corrosion-
resistance, and even in the produc-
tion of biomedical materials.[®78]

Such materials can be fabricated using
top-down or bottom-up techniques such
as templating, lithography, chemical va-
por deposition (CVD), sol-gel methods,
spray-coating or spin-coating.[%10:11:12]
Zhou et al. fabricated translucent super-
hydrophobic materials via spray-coating
a one-pot mixture of PDMS, SiO,
nanoparticles (NPs) and an acrylic resin
onto murals to afford durable and UV-
resistant  superhydrophobic films.!3]
Each deposition technique has its own
benefits and drawbacks; for instance,
although sol-gel methods do not re-

allows to easily tune the wettability of the superhydrophobic film, which is
challenging to do when the superhydrophobic and TiO, precursor are

deposited as a single one-pot precursor.

1. Introduction

Superhydrophobic materials are water-repellent and have wa-
ter contact angles (WCAs) >150°, sliding angles (SAs) <10°,
and a contact angle hysteresis (CAH) that is <10°.[%23] Super-
hydrophobicity, also known as the lotus effect, replicates the
structure of lotus leaves on a synthetic scale by incorporating
hierarchical roughness and a low surface energy reagent.[*’]
Superhydrophobic materials have vital real-world applications
where water interaction could cause a reduction performance;
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quire extremes of temperatures, the
resulting films suffer from cracks and
hence limited robustness.'*] Dip-coating
occasionally produces films of uneven
thickness and requires excess solvent
leading to waste. Due to the nature of
the spray coating process, precursors physisorb rather than
chemisorb onto a substrate producing mechanically weak
films. Therefore, a combination of techniques should be
used to fabricate superhydrophobic materials. For instance,
Huang et al. utilized a sol-gel method to produce silicic acid-
coated SiO, NPs which were then dip-coated onto a glass
substrate.’) A dip-coat of a fluoroalkylsilane, 1H,1H,2H,2H-
perfluorooctyltrichlorosilane, was carried out to afford a super-
hydrophobic coating with a WCA > 160°. Geng et al. fabricated
a superhydrophobic film by dip-coating solid nanoparticles be-
fore spray-coating hollow silica particles and a binder to improve
adherence.[') The films were calcined at 550 °C. In both cases, a
fluoroalkysilane was used, such materials pose harm to human
health and the environment.['”] Therefore, there is interest in re-
searching alternative low-surface energy reagents or deposition
techniques to produce well-adhered and multifunctional super-
hydrophobic coatings.

The mechanism of photocatalysis consists of three stages,
specifically light harvesting, creation and transportation of
charge carriers, and the photocatalytic redox reactions.!'®] Pho-
tocatalysis has many current and potential applications such as
pollution remediation, where sunlight is used to partly or fully de-
grade toxins into harmless alternatives or water splitting to gen-
erate H, as an alternative “green” fuel. Traditional photocatalytic
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metal oxides include ZnO, Fe,0;, WO,, and more commonly,
TiO, due to its low cost.'] TiO, films are inherently hydrophilic
and are fabricated by physical methods such as sputtering or
chemical methods including physical vapor deposition (PVD) or
CVD, with applications in photocatalysis, cancer treatment, and
more recently, self-cleaning.!?"! Their chemical self-cleaning abil-
ity operates by the photoexcitation of electrons from the valence
band of TiO, (producing holes) to its conduction band.[?!! This
occurs if the light is of an energy that is equivalent to or larger
than the band gap, which is 3.2 eV for anatase and 3.0 eV for
rutile.[22]

Superhydrophobic photocatalytic self-cleaning films are a rel-
atively new branch of self-cleaning materials, combining phys-
ical and chemical self-cleaning properties. Their physical self-
cleaning abilities arises from the superhydrophobicity and the
photocatalytic chemical self-cleaning property results from the
photocatalytic properties of a TiO, film.'"! This simultane-
ous process is a challenge because superhydrophobicity de-
pends on a macroscopic interaction between the surface of the
film and water whereas photocatalytic activity requires a micro-
scopic/molecular interaction (i.e., oxidation of contaminants).
This synergistic combination allows the removal of liquids and
degradation of organic contaminants into non-toxic molecules
such as CO, and H,0, enhancing the overall self-cleaning abil-
ities of the films.[?3] However, this can only be achieved if 50—
70% of the surface is hydrophobic/superhydrophobic.?*! This
challenge is evident in work by Ansari et al. which involved fab-
ricating a superhydrophobic photocatalytic material by electro-
static spraying of a composite of fluorinated ethylene propylene
(FEP) with SiO, and TiO, nanoparticles. Increasing the num-
ber of layers increased the hydrophobicity as this contributed to
the roughness. In addition, the weight percentages of the com-
ponents were explored; increasing the TiO, content increased
the photocatalytic activity but decreased the hydrophobicity and
vice versa for the SiO, content. Nevertheless, once optimum
weight percentages were found, the material displayed tolerance
to acidic/alkaline environments, good mechanical durability via
a sandpaper test as well as photocatalytic abilities.[?’]

Cao et al. deposited a combination of TiO, nanoparticles
(for photocatalysis and roughness) with PFE (pentafluoroethane)
functionalised with APTMS ((3-aminopropyl)trimethoxysilane)
on stone substrates to provide the low surface energy, without in-
corporating SiO, NPs. Regardless, WCAs >150° were achieved
as well as ultra-repellency to different solvents and emulsions
and enhanced photocatalysis.[?!] However, in both mentioned ex-
amples, fluorinated polymers were employed and the superhy-
drophobic and photocatalytic components were deposited as a
single film.[25:21]

Wang et al. explored the use of solvothermal methods to pre-
pare a ZnS superhydrophobic material which was chemically
modified with stearic acid in a two-step procedure to achieve
a superhydrophobic photocatalytic self-cleaning coating. Even
with the surface-modified ZnS coating, the material displayed
enhanced photocatalytic degradation relative to the unmodi-
fied ZnS coating due to its ability to reduce electron-hole pair
recombination."’]

Superhydrophobic TiO, films can display both types of self-
cleaning properties — physical and chemical respectively, in tan-
dem. Therefore, the aim of this study is to combine both layers to
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produce a superhydrophobic photocatalytic self-cleaning coating
and determine how its resultant properties change as the thick-
ness of the TiO, film increases relative to a TiO, film deposited
in the same conditions but on a fluorine-doped tin oxide (FTO)
float glass substrate. This was carried out using aerosol-assisted
chemical vapor deposition (AACVD) to both deposit a superhy-
drophobic polymer film and to modify the resultant surface with
TiO, due to its chemical durability and excellent photocatalytic
activity. The steps within the AACVD process include the gener-
ation of aerosols via an ultrasonic humidifier, the transportation
of these droplets to the heated rig, and the homogenous or het-
erogeneous reaction of the precursor in the gas phase or with the
substrate, respectively. Relative to traditional CVD, the AACVD
method can deposit relatively inexpensive polymeric solutions
with a relatively small and cheap setup. AACVD is a potentially
scalable technique and depends on the solubility of precursors
and not their volatility.[?] Relative to spray coating and dip coat-
ing, there are more parameters that can be varied to produce opti-
mum films such as the deposition duration, temperature, carrier
gas flow rates as well as precursor composition.!?’]
Polydimethylsiloxane (PDMS) was used in the fabrication of
the superhydrophobic film because it does not hinder the pho-
tocatalytic properties of the TiO, film and it is a low surface en-
ergy reagent.?] Unlike most research, TiO, was deposited as a
separate film rather than being incorporated within the superhy-
drophobic precursor mix; the precursor used was titanium iso-
propoxide dissolved in anhydrous toluene. There are many ad-
vantages of this novel multi-layer process of Superhydrophobic
(SH), and TiO, films over incorporating TiO, into the SH precur-
sor mixture as the latter makes it difficult to alter the hydropho-
bicity or surface chemistry of the film.[?8] Work by Diesen et al.
confirms that TiO, films deposited on glass substrates are hy-
drophilic with water contact angles of 82°.) However, while a
PDMS and SiO, film produces a superhydrophobic film, the sur-
face can be tuned by dual layers (and the order of the layers).
For example, work by Liu et al. transformed hydrophobic TiO,
into superhydrophobic-TiO, by adding PDMS as a thin second
film of ~2.2 nm on the TiO, undercoating.*"! Also, the incorpo-
ration of TiO, into a SH precursor mixture may not enhance the
durability of the film as much as a separate layer of TiO, which
could provide a layer of protection for the coating. In addition,
a coating of TiO, on the surface may have enhanced photocat-
alytic properties relative to a film with a one-pot hybrid mixture of
TiO,/PDMS/SiO,. Furthermore, many coatings are produced by
a sol-gel method however, the novelty within the research of this
paper is that we use a different, potentially scalable technique.*!!

2. Results and Discussion

To determine the effect of depositing a TiO, film (inherently
superhydrophilic) on top of a superhydrophobic film, various
volumes of titanium(IV) isopropoxide (TTIP) were deposited
on superhydrophobic films formed via AACVD at 350 °C
(Figure 1). The superhydrophobic film consisted of SiO, NPs
to provide roughness, cured polydimethylsiloxane (PDMS) and
equal masses of stearic acid (SA) and palmitic acid (PA) to provide
the low surface energy, as reported previously.['?! Both roughness
and low surface energy are required for superhydrophobicity.*!
The superhydrophobic film was deposited by AACVD via
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Figure 1. Schematic of the fabrication of the fluorine-free superhydrophobic (SH) material and its resultant surface modification via TiO, deposited via

AACVD.

thermophoretic effects where the gas-phase precursor impacts
the cooler glass substrate above the carbon block rather than the
substrate on the heated carbon block.!*]

To achieve full coverage of the superhydrophobic coatings
by the TiO, thin film, the superhydrophobic films underwent
plasma surface treatment before depositing the TTIP precur-
sor to create more -OH groups for the metal oxide precursor
to react with and to start nucleation. Differences in TiO, cover-
age were inferred by the size of the standard deviation (taken
to be the variance of coverage) of the water contact angles. Af-
ter plasma treatment, the superhydrophobic films became su-
perhydrophilic, making it difficult to measure the water contact
angle. Altering the volumes of TTIP led to varying levels of hy-
drophobicity from superhydrophobic to hydrophilic, as shown
in Table 1. SH/TiO, /0.4, consisted of 0.4 mL of TTIP deposited
onto the superhydrophobic film via AACVD and SH/TiO,/1.4
consisted of 1.4 mL of TTIP deposited onto the superhydropho-
bic film; the films had WCAs of 142 + 26° and 70 + 3°, re-

Table 1. The conditions used to deposit the TiO, film on the superhy-
drophobic films via AACVD along with the resulting water contact angles
and transmittance.

Film name Volume of TTIP [cm3]  WCA[°] T at 400-800 nm [%]
Superhydrophobic (SH) 0 165 + 2 34
TiO, /0.4 0.4 65+0 74
TiO, /1.4 1.4 77+ 4 65
SH/TiO, /0.4 0.4 142 + 26 28
SH/TiO, /0.5 0.5 143 + 14 24
SH/TiO, /0.6 0.6 94+ 11 21
SH/TiO, /0.8 0.8 83+8 7
SH/TiO, /1 1 73+6 19
SH/TiO, /1.2 1.2 82+2 16
SH/TiO, /1.4 1.4 70 £3 9
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spectively. This is a contrast to their counterparts, film TiO, /0.4
(65 + 0°) and TiO,/1.4 (77 + 4°), both consisting of TTIP de-
posited on FTO float glass substrates via AACVD at 350 °C.
The film thicknesses of these counterparts were measured via
ellipsometry. Film TiO, /0.4 has a thickness of 80 nm and film
TiO,/1.4 has a film thickness of 510 nm. The thickness of the
SH/TiO, films could not be accurately measured using the same
instrument due to the complexity of the underlying superhy-
drophobic film. However, we assumed TiO, thicknesses rang-
ing from 80-510 nm on the superhydrophobic counterparts (i.e.,
SH/TiO, films).

Less variability in the WCA was observed when TTIP was de-
posited on FTO float glass substrates relative to when TTIP was
deposited on a superhydrophobic film (Table 1). The SH/TiO,
films were studied and characterized via X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, FT-IR, X-ray diffrac-
tion (XRD), scanning electron microscopy/electron dispersion
microscopy (SEM/EDS), and UV-vis. Their functional proper-
ties, photocatalytic properties, mechanical durability, and self-
cleaning abilities were also measured.

XPS, a surface-sensitive technique, indicated the presence of
C, O, Si, and Ti as expected, with a SH/TiO, survey spectrum
provided in the supplementary information, S1. The C, O, Si,
and Ti spectra for all SH/TiO, films were similar with an ex-
ample shown in Figure 2 for film SH/TiO,/1.4. Little Si was
evident, indicating very little breakthrough of the underlying
superhydrophobic film. Similarly, carbon on the surface of the
film was minimal, except for the prominent peak at 285.0 eV.
The deconvoluted O 1s spectrum highlights the presence two
peaks, O bound to Ti (530.5 eV) and O attached to the surface
of TiO, (532.2 eV), i.e., adsorbed water.?**! Any deviations of
fit are caused by minor contributions from C and Si. For the
O1s fit, contributions from Cls and Si have been ignored as
their contributions are so low. The Ti 2p XPS scan, has a sharp
2p;, peak at 459.2 eV, indicating that TiO, has been successfully
deposited.[3¢37]
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Figure 2. X-ray photoelectron (XPS) surface scans for film SH/TiO, /1.4 showing the a) C 1s, b) O 1s, c) Si 2p, and d) Ti 2p spectra at 0 nm.

FTIR of a film before and after depositing TiO, via AACVD TiO, has a high surface energy (1.28 ] m~2) relative to PDMS
(Figure S2, Supporting Information) indicated peaks repre- (a component of the superhydrophobic film), with a surface
sentative of the Ti—-O-Ti bridge stretching vibrations and the
Ti-O stretching mode within the 800-400 cm™! region.3®l
The characteristic peaks indicative of the underlying super- -
hydrophobic film were observed for the films with lower — SH/Ti0,/1.4 film
[TTIP].l12] 100 4 = TiO,/1.4 film

Raman spectroscopy (Figure 3) was used to confirm that the
TiO, films were anatase with peaks at 144 cm™" (E,), 198 cm™!
(Ey), 397 cm™ (B,y), 515 cm™" (A,,), and 637 cm™" (E,)."*l In ad-
dition to Raman spectroscopy, all the peaks in the PXRD pattern
(Figure 4) confirm the presence of TiO, (anatase phase), no TiO,
rutile phase was evident. These peaks are: 25.3°, 37.1°, 37.9°,
38.6°,48.1°, 53.9°, 55.2°, 62.8°.3%

The SEM images of the uncoated superhydrophobic films in-
dicate networks of uneven and irregularly shaped microparticles
with sizes varying from 1 to 9 um (Figure 5). However, it was ev-
ident that as the concentration of TTIP increased, clusters coat-
ing the polymer particles emerge, filling the matrix and reducing
the roughness. For film SH/TiO, /1.2, most of the particle ranged 0 . . ; . . . . ; x .
from 2-3 um although larger aggregates of these smaller particles 0 100 200 300 400 500 600 700 800 900 1000
reached ~6 um in size. It is evident from the SEM images that . 1
film SH/TiO,/1.2 has a much flatter topology than the SH film Raman shift (cm™)
without the TiO, overcoat. Figure 3. Raman spectrum of the SH/TiO, /1.4 film and TiO,/1.4 film.
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Figure 4. PXRD pattern of films TiO,/1.4 and SH/TiO, /1.4, indicative of

the TiO, anatase phase and absence of the rutile phase.

energy of 19-21 m] m~2, which could contribute to the reduction
in superhydrophobicity, even at low concentrations of TTIP.[#041]

As well as the rough morphology, the varying thicknesses of
the films were also attributed to the roughness of the SH film,
a requirement for such coatings. Variations in superhydropho-
bicity and root-mean-square roughness (Sq) resulted in variable
thicknesses as seen in the variable transmittance percentages
(Tables 1 & 2). Generally, as the thickness increases, the percent-
age transmittance decreases however, the inconsistent % trans-
mittance values are due to the rate of the AACVD process, which
was relatively high, making precise control of the thickness of the
film more challenging.

Comparing the static WCAs of the films, generally, as the thick-
ness of the TiO, film increases, the WCAs decrease (Table 1).
Similarly, on reaching a certain thickness of TiO, deposited on
the superhydrophobic film (e.g., film SH/TiO,/1.4), the WCA be-
comes that of pure TiO, deposited on glass, as the underlying
superhydrophobic film does not influence the WCA. There were
slight variations in the WCA across the uncoated SH film (from
157° to 160°), indicating superhydrophobicity. Greater variations
in WCA were observed when TTIP was deposited on top of all the
SH films which may be due to difficulties in covering the rough
surface.

The contact angle hysteresis (CAH) was measured to deter-
mine the homogeneity and smoothness of the film. Smoother
surfaces display lower CAH due to reduced lateral energy barri-
ers and hence lower friction, with superhydrophobic materials
exhibiting a greater CAH due to their increased roughness.[*?l In
this case, the CAH of the films decreases as the thickness of the
TiO, film increases, with a large drop in CAH going from 1.2 mL
of TTIP (film SH/TiO, /1.2) to 1.4 mLof TTIP (film SH/TiO, /1.4).
This could potentially be due to some areas remaining superhy-
drophobic which is evident in the large differences/variance in
standard deviation of the WCAs or due to the large differences in
the sizes of the TiO, clusters and hence roughness of the films.
Linking this to the root-mean-square (roughness) values, there is
an observable link between roughness and the contact angle hys-
teresis during sequential reduction in TiO, film thickness/TTIP
concentration. However, at the middle-range concentrations of
TTIP used, namely from films SH/TiO, /0.5 up to and including,
SH/TiO, /1, we do not observe significant changes to the rough-
ness with increasing TiO, thickness as the film is conformal. At
higher concentrations the TiO, begins to smooth the surface, fill-
ing the gaps in the matrix and hence reducing the roughness.
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Stearic acid degradation tests were pursued to investigate the
photocatalytic activity where the films were soaked in a stearic
acid solution, exposed to UV light, and FT-IR scans were taken
at regular intervals (Figure 6). The mechanism for stearic acid
degradation involves the photogeneration of electrons and holes
in the TiO, (anatase) film on absorbing UV light with an energy >
ca. 3.2 eV.[22] The electrons and holes travel through to the stearic
acid coating where, with oxygen, initiate photocatalytic redox re-
actions, producing CO, and H,0.1*}] Occasionally, some of the
charge carriers may recombine, which is unfavorable.

For the superhydrophobic film with no TiO, (film SH), there
was a 42% reduction in stearic acid coverage during the test pe-
riod. For SH/TiO, /0.4, a 52% reduction in stearic acid coverage
was observed and for SH/TiO, /1.4, this was 65%; these two films
were studied due to using the lowest and highest concentrations
of TTIP for the deposition of the TiO, layer, respectively. There
was a greater initial reduction in stearic acid coverage for the
SH/TiO,/0.4 film from time 0 h to time 0.5 h relative to the
SH/TiO, /1.4 film however, after this time (0.5 h until 30 h), the
continued reduction in both films was similar. The TiO, /0.4 and
the SH films display similar overall reductions in stearic acid cov-
erage indicating the photocatalytic oxidation of stearic acid by oxy-
gen and that the TiO, film for TiO, /0.4 is very thin.

Hence, the greater the thickness of the TiO, layer, the greater
the reduction in stearic acid coverage although the rate of reduc-
tion did not vary significantly across the three films. These results
confirm the enhanced degradation of stearic acid hence photocat-
alytic chemical self-cleaning abilities whilst displaying hydropho-
bicity. It is surprising that the photocatalytic activity of TiO, /1.4
is lower than that of TiO, /0.4 however, the photocatalytic activ-
ity has been shown previously to be dependent on the thickness
of the TiO, film as increased thickness leads to the increased re-
combination rate of photocarriers. TiO, thin films of 2.6-260 nm,
deposited via atomic layer deposition (ALD), displayed the high-
est photocatalytic activity with a thickness of 130 nm.[**l In our
case, films TiO, /0.4 and TiO, /1.4 had film thicknesses of 80 and
510 nm, respectively. Films TiO,/0.4 and TiO,/1.4 had less of a
reduction in stearic acid coverage relative to the SH/TiO, films
specifically due to the smooth morphology of the pure TiO, films
(Figure S3, Supporting Information), also confirmed by the low
S, values (Table 2), leading to a reduced surface area. The in-
creased roughness and topology on the surface of the SH/TiO,
films will likely lead to an increase in surface area. The SEM im-
age of SH/TiO, /1.4 (Figure 5, image d) demonstrates that the ini-
tial topology of the SH film is retained, along with rafts of TiO,
deposition, the TiO, film does not completely flatten the film, also
confirmed by the S, value of 0.18 + 0.03. In contrast, the SEM
image of film TiO, /1.4 (Figure S3, Supporting Information), in-
dicates similar particulate morphology but without the large fea-
tures; overall this film is smooth. It has been previously reported
that the presence of nano-cracks in the thin films can improve
their photocatalytic performance; these cracks are evident in the
SEM images of film SH/TiO, /1.4 (Figure S6, Supporting Infor-
mation) but not TiO, /1.4 (Figures S3 and S5, Supporting Infor-
mation) Figure 6.14°]

Robustness testing was carried out to determine the effect of
the TiO, layer on the durability of the films. Here, we focused on
testing the films with two contrasting concentrations of TTIP,
namely SH/TiO,/0.4 and SH/TiO,/1.4.
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Figure 5. SEM images of the morphologies of the films with increasing concentrations of TTIP in the precursor mixture. Image a) Superhydrophobic

film without a TiO, coating b) SH/TiO,/0.4 ¢) SH/TiO,/0.8 d) SH/TiO,/1.2.

The films were exposed to toluene (highly apolar) and ethanol
(highly polar) for a period of 5 h with WCAs measured every
hour, Figure 7a,b. On exposure to both solvents, SH/TiO, /0.4
was initially superhydrophobic but became borderline hydropho-
bic (within the limit of error). There was only a ~4° decrease in
WCA from 0 to 5 h on exposure to toluene and a ~7° reduction on
submerging the film to ethanol. For SH/TiO, /1.4, this was an 11°
reduction in toluene and a 28° reduction in ethanol for the same
period. In both cases, a greater decrease in WCA was observed in
ethanol rather than toluene as the ethanol dissociatively adsorbs
on the TiO, . The ethoxides attach to the surface metal cations but

==m== Blank glass substrate
=== SH film

1204 st SH/Ti0,/0.4 film
g SH/TiO,/1.4 film
1 == Ti0,/0.4 film
<100
= et Ti0,/1.4 film
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Figure 6. Graphical representation of the photocatalytic activities (by mea-
suring the stearic acid coverage reduction) of film SH (without a TiO,
film), the SH/TiO, films, and the TiO, films (without the underlying su-
perhydrophobic film).
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the hydrogen ions attach to the surface oxygen anions forming
surface hydroxyls.l*®] The presence of hydroxyl groups reduces
the WCA. We observe a comparatively larger reduction in WCA
for film SH/TiO,/1.4 relative to SH/TiO,/0.4 due to the thicker
TiO, film. The uncoated SH film had the smallest decrease in
WCA on exposure to both solvents.

Both films showed a reduction in WCA on exposure to UV
light for 15 days, Figure 7c. Carboxylic acids and other hydropho-
bic particles present in the surrounding environment bind to the
TiO, layer due to its bidentate bonding abilities and oxygen va-
cancies, making the films hydrophobic. However, on exposure to
UV light, these organic molecules are photocatalytically decom-
posed, inducing hydrophilicity (for film SH/TiO,/1.4), relative to
the uncoated SH film without the TiO, overlayer, where the WCA
does not change.[?]

Three untested pieces of films SH, SH/TiO,/0.4, and
SH/TiO, /1.4 were annealed in a furnace at 300 °C for 5 h to
determine their heat durability. Overall, there was only a 6° de-
crease in WCA for the uncoated SH film, a 10° decrease in WCA
for SH/TiO, /0.4 but a significant reduction in WCA of ~27° for

Table 2. The contact angle hysteresis (CAH) and Root-mean-square-height,
Sq of a superhydrophobic film prior to TiO, deposition, the TiO, controls,
and SH/TiO, films.

Film Volume of TTIP [cm3]  CAH [°]  RMS height, Sq [um]
Superhydrophobic (SH) 0 206 0.28 +0.03
TiO, /0.4 0.4 22+ 14 Immeasurable
TiO,/1.4 1.4 24 + 12 0.20 + 0.04
SH/TiO, /0.4 0.4 2348 0.27 +0.03
SH/TiO, /0.5 0.5 2+7 0.24 +0.07
SH/TiO, /0.6 0.6 23+8 0.24 + 0.02
SH/TiO, /0.8 0.8 21+7 0.24 +0.04
SH/TiO, /1 1 21+7 0.26 +0.01
SH/TiO,/1.2 12 22+8 0.20 + 0.07
SH/TiO, /1.4 1.4 1446 0.18 +0.03
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Figure 7. Changes in the water contact angles of the uncoated SH film, SH/TiO,/0.4 and SH/TiO,/1.4 on 5 h of exposure to a) Toluene and b) Ethanol

and c) on 15 days of exposure to Ultraviolet (UV) light.

SH/TiO,/1.4. A reason for the reduction in water contact angle
could be due to the removal of carbon contaminants on the sur-
face which can contribute to hydrophobicity due to its roughness
and low surface energy.[?! The carbon contamination may have
arisen from the decomposition of the precursors or from other
pollutants in the air which can be removed with annealing. Stud-
ies by Gorthy et al. indicated that heat treatment <600 °C in the
air did not impact the phase or morphology of the TiO, films but
instead removed the carbon content.[*’]

A tape peel test was carried out where tape was repeatedly stuck
onto the film and removed to determine its mechanical durabil-
ity. Film SH/TiO, /0.4 had a smaller reduction in WCA of ~15°
compared to SH/TiO, /1.4 which had a reduction of ~20°. The
decrease and then increase in WCA could be due to the removal
of the TiO, film and hence exposure of the underlying superhy-
drophobic layer. The repeated tape peel cycles made the films
stickier, causing the water droplets to penetrate in the grooves
of the film, formed during the tape peel test, which can be visu-
alized in Figure 8. Figure 8 is an EDS scan of the middle of film
SH/TiO, /1.4, after the tape peel test. There are light and dark-

Adv. Mater. Interfaces 2024, 11, 2400519 2400519 (7 of 10)

colored particles, with more spots visible on the darker particles
in the Si Ka and O Ka scans; these are assumed to be the super-
hydrophobic underlayer as they are not covered in dots in the Ti
Ka scan. SEM images of the middle film SH/TiO,/1.4, prior to
the tape peel test can be found in the supplementary information
(Figure S4, Supporting Information).

The EDS scans of SH/TiO, /1.4 after the tape peel test (at the
edge of the film), Figure 9, displays a greater reduction in Ti in-
dicating that it is easier to remove the TiO, layer here than from
the middle of the film. Clear differences in the elemental compo-
sition following tape removal are visible in Figure 9 due to visible
differences in Si and Ti spot numbers across the film. The cov-
erage of carbon remains even across the film, the oxygen cover-
age concentrates on the exposed superhydrophobic region and so
does the silicon. The titanium remains concentrated on the TiO,
area that has not been removed by the tape. Shadowing is partic-
ularly evident in the O Ka scans (Figures 8b and 9b), even with
increased electron beam voltage and scan length. This is due to
the Ti overlayer suppressing the omission of x-rays from the un-
derlying superhydrophobic layer. Similarly, the geometry of the
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Figure 8. EDS layered images of film SH/TiO, /1.4 after the tape peel test,
specifically the middle of the film; Carbon Ka, Oxygen Ka, Silicon Ka, and
Titanium Ka.

EDS instrument (i.e., the detector being offset from the film) is
also a contributing factor.

A clear scratch was visible in the coating of film SH/TiO, /0.4,
after using Pencil Hardness H (Figure S7, Supporting Informa-
tion). However, film SH/TiO, /1.4 tolerated the hardest pencil,
6H which created a debris-filled scratch indicating the film’s abil-
ity to tolerate pencils with even greater hardness. This is due to
SH/TiO, /1.4 having a thicker TiO, coating than SH/TiO,/0.4.
The uncoated SH film tolerated a pencil hardness of F indicat-
ing improved robustness due to TiO, film.[!?] The robustness of
the films can be explained by the deposition process; AACVD
of TiO, is akin to conventional CVD as it involves a heteroge-
neous reaction of the vapor with a substrate, forming a chemical
bond across the interface (i.e., chemisorption) rather than ther-
mophoresis which involves physisorption of particles.?3#8] Fu et
al. spray-coated a superhydrophobic precursor comprised of flu-
orinated polyurethane-coated SiO, NPs, carbon nanotubes, and
PDMS with a tolerable hardness of “4H.”*! Although the film
exhibited impressive robustness, it employed the use of a harm-
ful fluorinated reagent. On the other hand, our work shows that

Figure9. Layered EDS images of film SH/TiO, /1.4 after the tape peel test,
specifically the edge of the film; Carbon Ka, Oxygen Ka, Silicon Ka, and d)
Titanium Ka.
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we can enhance the robustness of a fluorine-free film with the
use of a metal oxide.

Methylene blue was pipetted onto the films to determine
their self-cleaning abilities (Figure S8, Supporting Informa-
tion). SH/TiO,/0.4 retained some self-cleaning abilities with
the methylene blue droplet readily rolling off the surface and
with a sliding angle of ~6°. The film with the highest concen-
tration of TTIP deposited, SH/TiO, /1.4, displayed limited self-
cleaning abilities and a sliding angle of #18°, with the droplets
readily sticking to the surface. However, in both cases, reduced
physical self-cleaning abilities were compensated by enhanced
chemical self-cleaning abilities relative to the uncoated SH film
which displayed excellent physical self-cleaning properties but
limited chemical self-cleaning properties, determined by pipet-
ting methylene blue on the surface and the stearic acid degrada-
tion test, respectively.

3. Conclusion

In this study, a superhydrophobic film consisting of PDMS,
stearic acid, palmitic acid, and SiO, nanoparticles were surface-
modified with TiO, (anatase) via the AACVD of TTIP at 350 °C.
SEM indicated the formation of clusters which increased as the
concentration of TTIP increased. Photocatalytic testing and WCA
measurements revealed the film’s ability to display dual func-
tionality of chemical and physical self-cleaning abilities and en-
hanced photocatalytic activity relative to TiO, films without the
SH undercoating. On exposure to ethanol and UV light, the
films displayed reductions in WCAs due to the formation of hy-
droxyl groups. The films maintained hydrophobicity on exposure
to toluene, tape peels and displayed tolerance to “harder” pen-
cils relative to the uncoated SH film due to the addition of a
thin layer of TiO,, improving the SH film'’s overall durability.
Even a very thin film of TiO, can improve the robustness as seen
with film SH/TiO, /0.4. Previous studies have shown that incor-
porating TiO, nanoparticles into the superhydrophobic precur-
sor mixture are needed to create superhydrophobic photocatalytic
self-cleaning films. However, our work is evidence that TiO, can
be deposited as a separate film onto a superhydrophobic film
to achieve the same property. This work confirms that we can
produce hydrophobic-TiO, films via a layer-by-layer deposition
by tuning the surface chemistry of a superhydrophobic film via
AACVD.

4. Experimental Section

Materials:  Vinyl-terminated polydimethylsiloxane (PDMS), namely
Sylgard-184 Silicone Elastomer Base, and its respective curing agent
were purchased from Dow Corning. Aerosil OX50 fumed SiO, nanopar-
ticles (NPs) were purchased from Lawrence Industries. Stearic acid (SA,
reagent grade, 95%), palmitic acid (PA, >99%), and ethyl acetate (labora-
tory grade) were purchased from Sigma Aldrich. Titanium(IV) isopropox-
ide (97%) and anhydrous toluene (99.8%) were purchased from Sigma
Aldrich without further purification. Table 1 describes the details of the
various volumes of titanium(IV) isopropoxide used. SiO, barrier-coated
fluorine-doped tin oxide (FTO) glass substrates (FTO) float glass was pro-
vided by Pilkington NSG and cut to 150 mm X 40 mm x 3 mm for AACVD.
N, (99.99%) was supplied by BOC.

A Henniker plasma cleaner (HPT-100) was used to plasma treat the
surface of the superhydrophobic film with the following parameters: a gas
flow of 2 sccm and a duration of 4 min.
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Film Synthesis—Fabrication of the Superhydrophobic Film: Stearic acid
(0.20 g), palmitic acid (0.20 g), Sylgard-184 (0.15 g), OX50 SiO, NPs
(0.25 g) and its respective curing agent (0.02 g) were dissolved in ethyl
acetate (60 cm?) for 20 min. This precursor mixture was deposited onto
a glass substrate via AACVD. The set-up had a bottom-down heating con-
figuration, with the film deposited on the glass top plate (substrate). The
heating block was made of graphite and had a Whatmann cartridge heater,
regulated with a Pt-Rh cartridge heater. A temperature of 360 °C was re-
quired for the depositions. The AACVD rig was bound by a cylindrical
quartz tube. A piezoelectric ultrasonic humidifier produced an aerosol
which was transported to the rig by an N, carrier gas with a gas flow rate
of 1L min~" for 40 min. After this time, more ethyl acetate (10 cm?®) was
added to the precursor and deposited for 10 min. The total deposition
length was 50 min. The rig was cooled in N, until it was <100 °C. The
films deposited on the glass top plate (substrate) were translucent.

Deposition of TiO, Films on the Superhydrophobic Films Via AACVD:
The superhydrophobic films underwent plasma surface treatment for
4 min with a gas flow of 2 sccm. Then, the superhydrophobic film was in-
serted into the same setup previously used. This time, the superhydropho-
bic film was placed on the carbon block. A glass top plate (substrate) was
inserted into the rig to collect potential deposits. Titanium (V) isopropox-
ide (varying volumes) was dissolved in anhydrous toluene (40 cm?) and
deposited onto the film when the preferred temperature of 350 °C was
achieved. The deposition continued until the precursor in the humidifier
stopped misting; at this point, the reactor was cooled in N, until it was
<100 °C before the film deposited on the bottom plate was then handled
in air. The films were denoted as: SH/TiO, /x where “SH” refers to super-
hydrophobic and “x” was the volume of titanium(IV) isopropoxide used.
Table 1 states the volumes of titanium(IV) isopropoxide used. The bot-
tom plates varied from translucent (due to the superhydrophobic film un-
derneath) to grey with rainbows stretching across parts of the film which
became more prominent as the concentration of TTIP increased.

Instrumental Conditions: The same area was chosen for characterisa-
tion for each film which was closest to the inlet of the AACVD rig to ensure
consistency. The sections of the film closest to the inlet had the thickest
TiO, films.

A Thermo Scientific spectrometer with a mono-chromated Al-K alpha
source (8.3381 A) was used for X-ray photoelectron spectroscopy data,
with peaks modeled on CasaXPS Version 2.3.25. Adventitious carbon
(285.0 eV) was used as a charge reference. The |SM-7600F Scanning Elec-
tron Microscope (SEM) with an accelerating voltage of 5-20 keV was used
to study the film’s morphologies. All samples were vacuum-sputtered with
carbon for 9 s prior to imaging to enhance the electrical conductivity of
the films. The size of the particles in the SEM images was measured us-
ing Image] software Version 1.52s. Energy dispersive X-ray spectroscopy
(EDS) was then carried out using an Oxford Instruments EDS system with
scans varying in length from 10 min — 20 min. A Bruker alpha platinum in-
strument (wavenumber range: 4004000 cm™') was used to carry out At-
tenuated Total Reflection Fourier-Transform Infrared Spectroscopy (FTIR-
ATR). A Shimadzu UV-2700 spectrophotometer (wavelength range: 400 —
800 nm) was used to for collection of Ultraviolet spectroscopy (UV-vis)
data. The films were exposed to a range of wavelengths (i.e., 400-800 nm,
visible light), and percentage transmittance values were recorded. A mean
of these percentage transmittance values across the wavelength range was
taken and recorded for each film.

X-ray diffraction (XRD) was carried out using a Malvern PANalytical
Empyrean Grazing Incidence-PXRD with parallel beam X-ray mirror for Cu
radiation and a Xe point detector with a monochromated Cu Ka source
operated at 40 kV with 40 mA emission current. The incident beam angle
was set at 1°, and the 260 range of 20°-65° was measured with a step size
0f0.05° at 0.5 (s/step). A Raman spectrum was measured for each film us-
ing a Bruker Senterra Il Raman Spectrometer with a wavelength of 532 nm
and a power intensity of 25 mW.

The root-mean-square-height (Sq) of the films was measured with a
Keyence VHX -S750E Optical Microscope, with x1500 magnification and
Gaussian filter type but without an S-filter or L-filter. A Filmetrics F20 thin-
film analyzer was used to determine the thickness of the TiO, films de-
posited on FTO float glass substrates.
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The water contact angles (WCAs) were measured by dispensing 10
deionized (DI) water droplets of ~5 ulL and calculated using ADVANCE
Version 1.14.3. This was carried out on a Kruss DSA 25E drop-shape ana-
lyzer with errors determined as one standard deviation. The contact angle
hysteresis (CAH) was calculated using the sessile drop method; the ad-
vancing contact angle (ACA) was subtracted from the receding contact
angle (RCA). The water contact angles of all the angles were measured
using the Young—Laplace equation. The tilted drop method was used to
measure the sliding angles (SAs). ~15 uL water droplets were dropped
onto the substrate after inclining the stage.

The photocatalytic activity of the films was measured by dipping them
overnight in a solution of 0.05 m stearic acid (with chloroform as the sol-
vent). The back of the films was cleaned with acetone and isopropanol
before being exposed to UV light in a sealed box for up to 30 h, with FT-
IR scans taken at regular intervals using a PerkinElmer Fourier transform
Lambda RX | spectrometer over a wavelength range of 2700-3000 cm™".
The corrected area in the range of 2800-3000 cm™' was used, and con-
verted into stearic acid coverage percentages and the errors were the initial
standard deviations, propagated through the calculations.

Self-Cleaning Tests: Methylene blue dye was pipetted onto the mate-
rials, inclined at a 20° angle. Photographs of the films were captured to
determine the water repellency of the films.

Durability—Ultraviolet Stability Test: ~ Sections of the films were placed
in a closed 365 nm Ultraviolet (UV) light box with an intensity of
260 mW cm~2 at room temperature for 15 days. Water contact angles were
determined at regular intervals.

Durability—Heat Stability Test: Sections of the film were placed in a
furnace at 300 °C for 5 h with water contact angles measured before and
after heating.

Durability—Polarity Stability Test: Samples were submerged in sol-
vents ethanol (polar) and toluene (apolar). Water contact angles were
recorded at 1 h intervals for 5 h.

Durability—Tape Peel Test:  Scotch Magic Tape was attached to and de-
tached from the coatings 400 times, with water contact angles measured
after every 5 cycles, then 10 cycles, and finally 25 cycles.

Durability—Pencil Hardness Test: The ASTM D3363 method was em-
ployed using the Elcometer 501 Pencil Hardness Tester (Elcometer Ltd,
UK) to determine the films’ maximum tolerable hardness. Pencils of in-
creasing hardness (6H — 6B) were tested by pushing these across the film'’s
surface at a 45° angle until a clean and well-defined line could be observed
in the coating.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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